We report detailed lithological and chemical characteristics of deep-sea sediments, including rare-earth elements and yttrium-rich mud (REY-rich mud), in the Japanese Exclusive Economic Zone (EEZ) around Minamitorishima Island. Three research cruises obtained fourteen sediment cores collected by piston coring. Based on the visual descriptions and geochemical analysis of the sediment cores, we confirm the presence of REY-rich mud containing more than 400 ppm total REY (ÂREY) in the southern and northwestern areas of the Minamitorishima EEZ. The REY-rich mud layers are characterized by abundant grains of phillipsite, biogenic calcium phosphate, and manganese oxides, and are widely distributed in relatively shallow depths beneath the seafloor. In contrast, relatively thick, non-REY-rich mud lies near the seafloor in the northern areas of the EEZ. In the three cores from the southern part of the EEZ, we also confirm the presence of highly/extremely REY-rich mud layers. Further accumulation of geochemical data from the sediments will be required to constrain the extent of the highly/extremely REY-rich mud layers.
INTRODUCTION
Rare-earth elements (REE) and yttrium, together called REY, play an essential role in contemporary technology. A recent report has documented the wide distri-bution of "REY-rich mud," deep-sea sediment containing high concentrations of REY, in the Pacific Ocean (Kato et al., 2011) . This material is widely distributed in the eastern South Pacific and central North Pacific Ocean (Kato et al., 2011) , having total REY (ÂREY) and heavy REE (HREE) contents that rival those of the ion-adsorption-type ore deposits in southern China. Because of the potential economic value of REY-rich mud as a new resource for REY, new research is focused on a better understanding of its chemical characteristics and distribution.
A key issue for a nation considering exploitation of deep-sea mineral resources is whether they are located in that nation's Exclusive Economic Zone (EEZ). In the case of Japan, the presence of REY-rich mud has been confirmed in deep-sea sediment samples collected by the Deep Sea Drilling Project (DSDP) and Ocean Drilling Program (ODP) from the Japanese EEZ surrounding Minamitorishima Island located ~1900 km southeast of Tokyo in the western North Pacific Ocean. Two cores from the DSDP Site 198A and ODP Site 800A in the Minamitorishima EEZ recovered pelagic clay containing more than 1000 ppm ÂREY (Kato et al., 2012) that is comparable to the REY-rich mud in the eastern South Pacific Ocean. However, only two sediment cores have been recovered from the Minamitorishima EEZ, and core recovery at these sites was very poor (The Shipboard Scientific Party, 1973; Shipboard Scientific Party, 1990) .
Consequently, the lithological and geochemical characteristics, as well as the distribution, of the REY-rich mud within the Minamitorishima EEZ are still largely unknown.
To begin to fill this knowledge gap, the research cruise KR13-02 by R/V Kairei that was conducted by the Japan Agency of Marine-Earth Science and Technology (JAMSTEC) and The University of Tokyo investigated the distribution of REY-rich mud in the Minamitorishima EEZ ( Fig. 1 and Table 1 ) from January 21-31, 2013. During this cruise, seven sediment cores (PC01 to PC07) were collected by piston coring in the southern part of the Minamitorishima EEZ. Bulk chemical analyses showed that REY-rich mud with remarkably high ÂREY contents (the maximum ÂREY content almost reaches 7000 ppm) exists less than 10 m below the seafloor at PC04 and PC05. The details of the cores are presented elsewhere . After the discovery of the extremely REYrich mud, cruise MR13-E02 Leg 2 by R/V Mirai from December 10-24, 2013, and cruise KR14-02 by R/V Kairei from January 20 to February 5, 2014, were carried out in other areas within the Minamitorishima EEZ, and an additional seven sediment cores were collected ( Fig. 1 and Table 1) .
In this study, we report the visual core descriptions and bulk chemical compositions of the sediments in these cores. Based on the results of the detailed chemical analyses, we also discuss the geochemical features of the deep- sea sediments and the spatial distribution of REY-rich mud in the Minamitorishima EEZ.
CORE DESCRIPTIONS
Lithostratigraphies of each core are shown in Figs. 2, 3, and 4. Moreover, photographs of four representative cores (KR13-02 PC06, KR13-02 PC07, MR13-E02 PC02, and KR14-02 PC02) are shown in Fig. 5 . Photographs of the other cores are given in Supplementary Fig. S1 . In this study, the cores are identified with a combination of the core number and sample depth (in mbsf). The locations, water depths, and core lengths of the sediment cores are compiled in Table 1 .
Cores KR13-02 PC01 and KR13-02 PC02 were collected ~350 km southwest of Minamitorishima Island ( Fig. 1 and Table 1 ). KR13-02 PC01 is highly disturbed due to damage to the core liner. The sediment throughout KR13-02 PC01 consists of dark brown clay composed of clay minerals with minor amounts of quartz and phillipsite (a zeolite mineral) (Fig. 2) . Some ferromanganese micronodules (<1 mm) can be seen in the sediments. The upper part of KR13-02 PC02 (Sections 1-5 in Fig. 2 ) mainly consists of dark brownish clay, containing clay minerals, minor quartz, phillipsite, and ferromanganese micronodules. The lower part (Section 6) is brownish black to dark brown clay with zeolite, containing clay minerals, phillipsite, and minor quartz (Fig. 2) . Four and 12 samples were analyzed from the KR13-02 PC01 and PC02 cores, respectively. Core KR13-02 PC03 was collected at the same location as ODP Site 800A ( Fig. 1 and Table 1 ). The sediment core consists of dark brown (Sections 1-3) to brownish black (Sections 10-15) clay (Fig. 2) . No samples were taken from Sections 4-9 due to damage to the core liner. The near surface sections are composed of clay minerals and minor quartz, and the deeper sections include phillipsite. Sixteen samples were analyzed from KR13-02 PC03.
Core KR13-02 PC06 was collected ~210 km south of Minamitorishima Island ( Fig. 1 and Table 1 ). Section 1 and the lower part of Section 4 to the upper part of Section 7 is dark brown and brownish black clay (Figs. 2 and 5a), which is composed of clay minerals and minor quartz. Section 2 to the upper part of Section 4 contains clay with zeolite to zeolitic clay and is dark brown to brownish black in color (Figs. 2 and 5a ). The lower part of Section 7 to Section 12 is also clay with zeolite to zeolitic clay in lithology, except for the bottom of Section 7 to the upper part of Section 8 that is clay with phosphate and zeolite, including abundant silt-sized grains of biogenic calcium phosphate (BCP). The sediment color in Sections 7-12 of the core becomes remarkably lighter, containing a number of brown to yellowish brown layers and structures (especially in Sections 9-12 as shown in Fig. 5a ). Ferromanganese micronodules (<1 mm) are abundant in the darker-colored patches or structures. Twenty-four samples were analyzed from KR13-02 PC06.
Core KR13-02 PC07 was collected ~210 km southsouthwest of Minamitorishima Island ( Fig. 1 and Table  1 ). Section 1 to the upper part of Section 6 and Sections 10-13 are dark brown to brownish black clay, composed of clay minerals and minor quartz (Figs. 2 and 5b). The remainder is mainly brownish black clay with zeolite or zeolitic clay, marked by the appearance of phillipsite. Twenty-five samples were analyzed from KR13-02 PC07.
Core MR13-E02 PC01 was collected ~180 km northwest of Minamitorishima Island ( Fig. 1 and Table 1 ). Sections 1-5 are composed of yellowish brown to brown clay with diatoms, and Sections 6-10 and 15 are brown to dark brown clay composed of clay minerals and minor quartz (Fig. 3) . Sections 11-14 were not sampled due to core liner damage. The upper part of the core contains several layers that are 1-2 m in thickness with a relatively sharp boundary in sediment colors and lithology, which corresponds to the difference in the relative fractions of biogenic silica (mainly diatoms) and detrital materials (mainly clay minerals) (Fig. 3) . In addition, a number of lighter-colored layers and patches that were typically less than 10 cm in thickness consisted mainly of diatoms and could be identified within the relatively diatom-rich layer. Nineteen samples were analyzed from MR13-E02 PC01.
Cores MR13-E02 PC02 and MR13-E02 PC03 were collected at the same location as DSDP Site 198A ( and Table 1 ). Both cores have two major lithologies (Fig.  3) . The upper part is yellowish brown to brown clay with diatoms (Sections 1-5 of MR13-E02 PC02 and Sections 1-6 of MR13-E02 PC03). The lower part is mainly brown clay (Sections 6-14 of MR13-E02 PC02 and Sections 7-15 of MR13-E02 PC03). As can be seen in MR13-E02 PC01, relatively diatom-rich and clay-rich layers occur at intervals of a few meters (Figs. 3 and 5c), with clear changes in sediment colors and lithology. The diatomrich layers also contain multiple thin, lighter-colored layers and patches, as is the case in MR13-E02 PC01. Twenty-seven and 30 samples were analyzed from MR13-E02 PC02 and MR13-E02 PC03, respectively. Core KR14-02 PC01 was collected ~300 km northwest of Minamitorishima Island ( Fig. 1 and Table 1 ). The sediment of this core consists of brown clay composed of clay minerals with minor quartz and volcaniclastic fragments (e.g., plagioclase and augite) (Fig. 4) . Two samples were analyzed from KR14-02 PC01.
Core KR14-02 PC02 was collected ~7 km east of KR14-02 PC01 ( Fig. 1 and Table 1 ). Sections 1 and 2 are brown clay composed of clay minerals with minor quartz and volcaniclastic fragments (Figs. 4 and 5d) . Sections 3-8 are dark brown to brownish black clay with zeolite and zeolitic clay, marked by the presence of phillipsite. Fourteen samples were analyzed from KR14-02 PC02.
Core KR14-02 PC03 was collected ~10 km southwest of KR14-02 PC01 ( Fig. 1 and Table 1 ). The sediment of this core consists mainly of brown to dark brown clay (Fig. 4) composed of clay minerals and minor quartz. Minor biogenic fragments (diatoms and radiolarians) are found above ~3 mbsf. Dark brown zeolitic clay occurs in Section 7. No samples were taken from Sections 5 and 6 due to core liner damage. Seven samples were analyzed from KR14-02 PC03.
Core KR14-02 PC04 was collected ~5 km west of KR14-02 PC01 ( Fig. 1 and Table 1 ). No samples were taken from Section 1 because it could not be opened on the ship. Section 2 to the upper part of Section 5 is dark brown to brownish black clay with zeolite or zeolitic clay, containing phillipsite (Fig. 4) . The lower part of Section 5 and Section 6 is mainly poorly sorted calcite gravel. Nine samples were analyzed from KR14-02 PC04. 
ANALYTICAL METHODS
We analyzed 189 bulk sediment samples for this study. The samples were collected with scoops at ~0.5 m intervals. The major elements were measured using a Rigaku ZSX Primus II X-ray fluorescence (XRF) spectrometer at the Department of Systems Innovation, the University of Tokyo. The major element analysis was conducted on glass beads made by using 0.4000 g ignited sample powder well mixed with 4.000 g of Li 2 B 4 O 7 flux and fused at 1190∞C for 7 min in a Pt crucible. Geochemical reference samples issued by the Geological Survey of Japan (GSJ) were used as calibration standards. The details of the XRF analytical procedures are given by Kato et al. (1998 Kato et al. ( , 2002 . The analytical results were within 3% of the accepted values for reference material JB-1b.
The REY concentrations were determined by inductively coupled plasma mass spectrometry (ICP-MS; Agilent 7500c) at the Department of Systems Innovation, the University of Tokyo. Powdered splits (0.05 g) were dissolved by HNO 3 -HF-HClO 4 digestion in tightly sealed 12 mL Teflon PFA screw-cap beakers, heated for several hours on a hot plate at 130∞C. The digested sample was progressively evaporated at 110∞C for 12 h, 160∞C for 6 h, and 190∞C until it was dry. The residue was dissolved with 4 mL of HNO 3 and 1 mL of HCl, and the solution was diluted to 1:4000 by mass. More details of the ICP-MS analytical procedures are given elsewhere (Kato et al., 2005 (Kato et al., , 2011 Yasukawa et al., 2014) .
RESULTS AND DISCUSSION

Downhole variations in lithology and ÂREY contents of the Minamitorishima cores
The bulk chemical compositions of the KR13-02 sediment core samples are given in Supplementary Table S1 . The sediments generally consist of an upper unit of clay and a lower unit of zeolitic clay. The upper clay unit has relatively low ÂREY content (<500 ppm) (Fig. 2) . The ÂREY contents of the lower zeolitic clay unit increase with depth and reach concentrations of more than 1000 ppm ÂREY. In particular, a maximum ÂREY concentration of 2564 ppm (corresponding to highly REY-rich mud by Iijima et al., 2016 ) is observed at 6.49 mbsf in KR13-02 PC06, which is composed of clay, phillipsite, and abundant silt-sized grains of BCP (Fig. 2) . In addition, from cores KR13-02 PC04 and KR13-02 PC05, the presence of extremely REY-rich layers (ÂREY concentrations higher than 5000 ppm) has been reported Fujinaga et al., 2013; Suzuki et al., 2013; .
The bulk chemical compositions of the MR13-E02 Leg 2 sediment core samples are given in Supplementary Table S2. The sediments are generally clay to clay with biogenic silica that consists mainly of diatoms and minor radiolarians. There is no REY-enrichment in the sediment core samples from this area. The average ÂREY contents are 243 ppm for MR13-E02 PC01, 240 ppm for MR13-E02 PC02, and 224 ppm for MR13-E02 PC03 as shown in Fig. 3 .
The bulk chemical compositions of the KR14-02 sediment core samples are given in Supplementary Table S3 . The upper clay unit typically found in these cores is not REY-enriched (ÂREY contents average 234 ppm for KR14-02 PC01, 203 ppm for KR14-02 PC02, and 198 ppm for KR14-02 PC03) (Fig. 4) . In contrast, the lower zeolitic clay unit in KR14-02 PC02 and KR14-02 PC04 contains REY-rich mud layers in the lower part (Fig. 4) . The maximum ÂREY content in this area is 1137 ppm in KR14-02 PC04 (Fig. 4) . The absence of the highly/extremely REY-rich mud layer in the KR14-02 cores is likely, at least in part, by the poor recovery of the cores (shorter than ~6 m) from this area. It should be noted that the lowest part of KR14-02 PC04 is a gravel layer mainly composed of calcite clasts with a low ÂREY content of 100 ppm (Fig. 4) . Because water depth of the piston core sites is larger than 6000 m, which is significantly deeper than the carbonate compensation depth (CCD), these calcite clasts are considered to be derived from the surrounding seamounts.
Major, trace, and rare-earth element geochemistry of the Minamitorishima sediments
The depth profiles of P 2 O 5 , CaO, and ÂREY contents of the Minamitorishima sediments are generally similar with almost identical peaks (Figs. 6a-g ). In Fig. 7a , the slope of CaO/P 2 O 5 of the Minamitorishima sediments is almost the same as that of the BCP (Ca 5 (PO 4 ) 3 (F,Cl,OH)) grains reported by the in-situ analysis data using LaserAblation ICP-MS (Kon et al., 2014) . The observation suggests that BCP is the predominant contributor to REYenrichment in the sediments within the Minamitorishima EEZ (Fig. 7c) . This is consistent with previous studies showing that BCP is the main host mineral of REY in deep-sea sediments (Arrhenius et al., 1957; Bernat, 1975; Elderfield and Pagett, 1986; Kashiwabara et al., 2014; Kon et al., 2014) . Several samples with low CaO and P 2 O 5 concentrations depart from the BCP trend (Fig. 7b) . This could reflect a contamination by volcanic components (Fig. 7b) .
The depth profiles also show that the bulk MnO and Co contents are significantly higher than those of the postArchean average Australian shale (PAAS), and their peaks and overall patterns are almost identical (Figs. 6a-g ). In addition, the MnO content is strongly correlated with the Co and Ni concentrations (Figs. 8a and 8b) . It is known KR13-02 PC04 and PC05 are from Iijima et al. (2016) . The contents of post-Archean average Australian shale (PAAS) (Taylor and McLennan, 1985) are shown as dashed lines.
Fig. 6. (continued).
Geochemistry of REY-rich mud in the Minamitorishima EEZ 585 strong positive correlation between the Fe 2 O 3 * and TiO 2 contents (Fig. 8d) . These suggest that the main source of Fe in the sediment is not the micronodules but terrigenous material, possibly supplied as eolian dust. Alternatively, pointed out that Fe content of pelagic red clay is influenced by basic rock detritus. For example, the data of the MR13-E02 Leg 2 cores are always plotted near the composition of PAAS (Figs. 6, 7 , and 8). This clearly suggests that terrigenous material is the main source of the non-REY-rich muds from the northern area.
In PAAS-normalized REY patterns of the sediment samples in the Minamitorishima EEZ, low-ÂREY samples (ÂREY < 400 ppm) have relatively flat patterns with elemental abundances close to unity and without or that ferromanganese nodules are enriched in Co through precipitation from the overlying seawater and are enriched in Ni through diagenetic processes (Elderfield et al., 1981; Halbach et al., 1981) . Indeed, the ferromanganese nodules from the Minamitorishima EEZ contain significant amounts of these elements . The relationship between these elements, therefore, indicates that the manganese oxides (described as "ferromanganese micronodules" in the core descriptions) largely contribute to the bulk concentrations of some characteristic metals (e.g., Mn, Co, and Ni) in the sediments within the Minamitorishima EEZ (Figs. 6, 8a, and 8b) . Conversely, the bulk Fe 2 O 3 * (total iron as Fe 2 O 3 ) contents are comparable to that of the PAAS (Fig. 6 ) and do not correlate with the MnO contents (Fig. 8c) . In addition, there is a slightly negative Ce anomalies (Fig. 9) . This also suggests that these non-REY-rich mud are mainly composed of terrigenous material. It is noteworthy that positive Ce anomalies are observed in some samples from the northern area (Fig. 9) . Because REY patterns of ferromanganese nodules (~10 cm in diameter) in the Minamitorishima EEZ are characterized by distinct positive Ce anomalies ( Fig.  9 ; Machida et al., 2016) , this reflects a contribution of the manganese oxides to REY composition of the low-ÂREY sediments.
Negative Ce anomalies become prominent with increasing ÂREY content (Fig. 9) . In addition, high-ÂREY sediments (roughly ÂREY >1000 ppm) show a convex pattern (Fig. 9) . The characteristic REY patterns of the high-ÂREY sediments are similar to that of BCP (Kon et al., 2014) , implying that the ÂREY contents of the high-ÂREY sediment are primarily controlled by BCP abundance. This is consistent with the bulk chemical compositions of P 2 O 5 and CaO shown in Fig. 7 .
Distribution of REY-rich mud in the Minamitorishima EEZ
In the southern area of the EEZ, REY-rich muds containing more than 400 ppm ÂREY are widely distributed in relatively shallow depths beneath the seafloor (Figs. 2  and 6 ). At most of the piston core sites in this area, REYrich mud with ~1000 ppm ÂREY lies within 10 mbsf. Moreover, the highly/extremely REY-rich mud layers reaching 5000-7000 ppm ÂREY at a depth of ~8 mbsf and ~3 mbsf in KR13-02 PC04 and PC05, respectively, have been reported from this area . KR13-02 PC04 and PC05: Iijima et al. (2016) ; PAAS: Taylor and McLennan (1985) ; biogenic calcium phosphate (BCP) in the Minamitorishima EEZ: Kon et al. (2014) ; ocean island basalt (OIB) : Baker et al. (1995); and mid-oceanic ridge basalt (MORB) : Kelly et al. (2003) .
The REY-rich mud layers are characterized by the presence of abundant phillipsite, BCP, and manganese oxides. As reported in many previous works, a simultaneous accumulation of these materials is a common feature of pelagic clay that deposits quite slowly (Bernat, 1975; Yasukawa et al., 2015) .
In the northern part of the EEZ, the sediment mainly consists of biogenic silica-rich clay with the absence of zeolite minerals. The bulk chemistry data show a low content of REY (much lower than 400 ppm) and also indicate that the sediment is mainly composed of terrigenous detrital materials (Figs. 6, 7, and 8) .
In the northwestern area, REY-rich mud reaching 1500 ppm ÂREY occurs below ~4 mbsf, although the surface sediment with a low REY content exists near the seafloor. The lithological and geochemical characteristics of the sediments are similar to those from the southern part, rather than the northern part, of the EEZ. Nakamura et al. (2016) demonstrated that REY-rich mud can be clearly identified by seismic survey using a shipboard sub-bottom profiler (SBP). By combining the geophysical data with our geochemical results, the distribution of the REY-rich mud and non-REY-rich mud in the Minamitorishima EEZ can be interpreted as follows. In the northern part of the EEZ, a thick (more than 20 m) non-REY-rich mud layer composed mainly of terrigenous materials overlies the REY-rich mud. In the southern and northwestern part of the EEZ, the non-REY-rich mud layer are absent, and the REY-rich mud deposited quite slowly at the pelagic region that is present near the seafloor (within 10 m).
Combining our results with those by Iijima et al. Fig. 8. MnO versus (a) Co and (b) KR13-02 PC04 and PC05: Iijima et al. (2016) ; PAAS: Taylor and McLennan (1985) ; and ferromanganese nodule in the Minamitorishima EEZ: Machida et al. (2016) . Fig. 9 . PAAS-normalized REY patterns of sediment core samples in the Minamitorishima EEZ. Data sources are as follows. KR13-02 PC04 and PC05: Iijima et al. (2016) ; PAAS: Taylor and McLennan (1985) , biogenic calcium phosphate (BCP) in the Minamitorishima EEZ: Kon et al. (2014) , and manganese nodules in the Minamitorishima EEZ: Machida et al. (2016) .
(2016), the presence of the highly/extremely REY-rich mud in cores KR13-02 PC04, PC05, and PC06 suggests that the highly/extremely REY-rich mud layers are distributed at least in some areas of the southern part of the EEZ. However, the highly/extremely REY-rich mud layers cannot be detected by SBP, and therefore, the distribution of the layers is still not fully understood. Additional future investigations using new piston core samples from the area should provide further constraints on the distribution of the REY-rich mud (including highly/ extremely REY-rich mud layers) in the Minamitorishima EEZ.
CONCLUSIONS
From our analysis of the major, trace, and rare-earth elements in the deep-sea sediments in the Japanese EEZ around Minamitorishima Island, we have demonstrated the following results:
(1) We confirm the presence of REY-rich mud containing more than 400 ppm ÂREY in the southern and northwestern areas of the Minamitorishima EEZ. The mud is characterized by abundant grains of phillipsite, BCP, and manganese oxides. The REY-rich mud layers are widely distributed in relatively shallow depths beneath the seafloor.
(2) Only non-REY-rich mud is found in the northern area of the Minamitorishima EEZ, which is mainly composed of terrigenous materials and biogenic silica. The mud is characterized by a lesser occurrence of BCP than in the southern area, resulting in low bulk ÂREY contents.
(3) By combining the seismic and geochemical data, we can obtain a spatial distribution of the REY-rich mud layer. In addition, the presence of the highly/extremely REY-rich mud layers is confirmed in the three cores from the southern part of the EEZ. Further accumulation of geochemical data of the sediments is, however, required to constrain the extent of the highly/extremely REY-rich mud layers.
